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Meteorological conditions and thunderstorm characteristics related to lightning threats to wind turbines are 
discussed in this paper. Due to the rotating blades, wind turbines may be regarded peculiar tall objects, more 
susceptible to lightning strikes than other tall man-made structures. In the present study, Lightning Mapping 
Array and weather radar observations allowed to draw a clear picture of the thunderstorm characteristics 
leading to lightning strokes to wind turbines, in a coastal area of the Mediterranean basin. Results showed 
that lightning threats to wind turbines tend to occur during transitional periods (spring and autumn), 
although the main thunderstorm activity concentrates in the warm summer months. Thunderstorms with 
downward strokes to wind turbines presented particular features, like a limited vertical development and a 
dominant lower positive charge layer. Downward cloud-to-ground strokes hitting wind turbines were mainly 
of negative polarity and with peak currents above the average. On the other hand, conditions for self-
initiated upwards from wind turbines resemble those reported in Japan and the U.S winter thunderstorms, 
with low-cloud based large electrified stratiform regions. These particular conditions, leading to lightning 
threats to wind turbines, should be properly included in lightning protection standards. 
 




The observations of lightning strokes to tall objects have been extensively reported in the literature (e.g. 
McEachron, 1939; Berger, 1967; Eriksson, 1978). A summary of the research efforts on this subject can be 
found in Rakov and Uman (2003). Interest in lightning to tall structures has grown in recent years, in 
particular due to the rapid expansion of wind energy globally (e.g. Rachidi et al., 2008; Foley et al., 2012).  
Structures of limited height (below 100 m) will suffer from downward strikes whereas tall structures like 
wind turbines (hereafter, WT) are more prone to initiate upward lightning (e.g. Rachidi et al., 2008; Zhou et 
al., 2010). High towers (>100 m height) are exposed to strong local electric fields under thunderclouds, 
being prone to initiate upward propagating leaders (Berger, 1967). Besides, local topography plays a role on 
the effective height of the structure. Towers on mountain tops are said to have an effective height that is 
considerably larger than the physical height of the tower (e.g. Risk 1990; Rachidi et al., 2008; Zhou et al., 














due to the presence of the mountain on which the structure is located (e.g. Pierce, 1971; Eriksson, 1978; 
Risk, 1994; Zhou et al., 2010).  
In addition, rotating blades make WT peculiar tall objects (almost 40% of the total turbine height is in 
rotation). In this regard, a growing number of studies speculate whether a rotating WT is more susceptible to 
lightning strikes than stationary turbines (e.g., Rachidi et al., 2008; Wang et al., 2008; Radicevic et al., 2012; 
Wang and Takagi, 2012; Montanyà et al., 2014). According to Montanyà et al. (2014) the effect of rotation 
induces an electric field growth rate, necessary for the initiation of stable leaders.  
All in all, tall structures like multi-megawatt WT have a higher probability of being struck by lightning, 
compared to their surroundings (e.g. Rachidi et al., 2008; Wang and Takagi, 2012). Indeed, lightning is one 
of the major causes of severe damage to WT and add a significant cost to their operation and maintenance 
(e.g. Braam et al., 2002; Minowa et al., 2006; Yasuda et al., 2012; Candela et al., 2014). 
1.1. Type of lightning to tall structures  
Lightning strikes can be divided into several categories, where the ones relevant to WT mainly concern 
lightning polarity and the direction of initiation. Downward lightning occurs mainly under deep convection 
(e.g. warm-season thunderstorms) and the threat to WT calculated in relation to the regional lightning 
density (Ng). Downward discharges are predominantly of negative polarity, in correspondence with 
lightning climatology (Rivas-Soriano et al., 2005; Pineda et al., 2011; Poelman et al., 2016). 
As mentioned previously, tall structures above a certain height are prone to initiate upward lightning (UL). 
Leaders may originate from WT due to locally strong electric fields (self-initiated upward lightning, SIUL) 
or may be triggered by prior lightning discharges in the vicinity, which can provide the necessary electric 
fields for the inception of an upward leader (lightning-triggered upward lightning, LTUL). Regarding WT, 
Wang and Takagi (2012) noted that self-initiation occurred more frequently with higher observed wind 
speeds (or a rotating windmill) compared with LTUL. It should be added here that upward propagating 
leaders not followed by return stroke sequences can go unnoticed by conventional Lightning Location 
Systems (LLS), and therefore the number of upward leaders from WT will be underestimated (e.g. March, 
2017). 
Despite the modest occurrence of winter lightning, compared to lightning activity associated to deep 
convection, winter thunderstorms can produce very energetic lightning events (Zhou et al., 2012a; 2012b), 
and a large amount of damage to sensitive tall structures such as WT (e.g. Shindo et al., 2012; Wang and 
Takagi, 2012; Yokoyama, 2013; Honjo, 2015). The underlying reason is the low altitude of the cloud 
charge, as well as the reduced or even absent lower positive charge region (Murphy et al., 1996; Montanyà 
et al., 2007; Nag and Rakov, 2009; Williams, 2018). Although the highest winter lightning activity is 
reported in Japan, Montanyà et al. (2016a) identified other areas prone to winter lightning such as parts of 
the Mediterranean basin, the eastern coast of the US or in the Southern Hemisphere, Uruguay and its 
surroundings. For example, Levin et al. (1996), Yair et al. (1998) and Altaratz et al. (1999) have reviewed 
the meteorological conditions favouring lightning in the eastern Mediterranean. There, winter lightning 
activity concentrates between December and February. Thunderclouds develop at the cold front or, within 
the cold air mass, just immediately after passing through the “Cyprus lows” (Altaratz et al., 2001). This type 
of storm is very similar to winter thunderstorms in western Japan (Michimoto, 1991; 1993), and is different 














1.2. Lightning risk assessment 
Current lightning protection standards for WT (e.g. IEC 61400-24, 2010) rely on three main parameters: (i) 
the lightning density (Ng) of the region where the wind farm is to be installed; (ii) the height of the wind 
turbine itself and (iii) the environmental factor (Cd). Downward lightning is the most frequent type of 
lightning and its incidence on a particular wind farm is related to the local Ng. Conversely, UL is only 
considered in the standard within the environmental factor, among other factors like the complexity of local 
terrain and the height above sea level. According to different authors (e.g. Rachidi et al., 2008; March 2017) 
the majority of the strikes to modern turbines are expected to come from UL, and therefore a more realistic 
approach to calculate its contribution is suggested (e.g. Chan et al., 2018). A proposal on how to account for 
UL in protection standards is beyond the scope of this paper, but the aforementioned issues emphasise the 
importance of expanding the knowledge on this topic. 
 
1.3. Objectives 
There has been very little study of the in-cloud components of UL from man-made structures. In recent 
years, the use of high resolution lightning mapping systems and high-speed video have provided relevant 
information about lightning occurrence on WT. Observations of lightning initiated by WT with a Lightning 
Mapping Array (LMA) system (Van der Velde et al., 2011; Schultz et al., 2011; Montanyà et al., 2014; 
Wang et al. 2017), as well as of direct impacts from downward strokes (Montanyà et al., 2016b) have been 
recently presented. Bearing in mind the growing concern on the lightning impact on the wind power sector 
as the wind farm deployment grows around the globe, it is of interest to analyse the meteorological context 
that favours lightning to/from WT. In particular, our objective in the present study was to identify the 
characteristics and common features of the thunderstorms that produced flashes striking WT in a coastal 
area of the western Mediterranean basin. To this end, the analysis mainly relied on LMA, weather radar 
volumetric data and temperature vertical profiles, to characterise thunderstorms that pose a threat to WT, 
with special emphasis on the vertical charge structure. 
The area of study (hereafter, AoS) is a hilly area in south Catalonia, near the river Ebre’s Delta, not far from 
the coast on the western Mediterranean Sea (Fig. 1). Wind farms have been progressively deployed in the 
AoS since 1995. Roughly speaking, wind farms consist of 25 to 50 small WT (40-80 m height), with a 
baseline ranging from 150 to 250 m and produce from 5 to 50 MW. The AoS is an area largely covered by 
meteorological observation systems, as it has been designed to cover the post launch Cal/Val field campaign 
of the ASIM project (Neubert et al., 2006). 
The organization of the paper is as follows: Section 2 describes the instrumentation and analysis technique; 
Section 3 collects the results; Section 4 deals with the discussion of the results and finally section 5 presents 
the concluding remarks. 
2. INSTRUMENTATION AND ANALYSIS TECHNIQUES  
2.1. Intra-cloud lightning 
Intra-cloud (IC) lightning was measured with a LMA (Rison et al., 1999; Thomas et al., 2004) deployed in 
the Ebre’s Delta during the summer of 2011 (Fig. 1). The LMA system detects lightning radio emissions in 
the very high frequency range (VHF, 60–66 MHz) and locates them in three dimensions by a time-of-arrival 














derived precise time, allowing to locate 2000 to 3000 sources per second coming from lightning channels 
inside the cloud. The accuracy of the mapped source locations is expected to be within 10 m in the 
horizontal dimension, 30 m in the vertical dimension and 40 ns in time (Thomas et al., 2004). This level of 
accuracy allows identifying the upward leaders associated with a WT. 
The so called Ebre Lightning Mapping Array (ELMA) is operated by the Lightning Research Group of the 
Technical University of Catalonia (http://lrg.upc.edu/en). The initial six-station ELMA was expanded to 11 
stations during 2012, enlarging the area of coverage. Details on the ELMA can be found in Van der Velde 
and Montanyà (2013). 
 
2.2. Cloud to ground lightning 
Cloud-to-ground (CG) data is needed to complement the LMA, since the LMA only detects the cloud phase 
of lightning. CG stroke information used in the current study was obtained from the LLS operated by the 
Meteorological Service of Catalonia (SMC), composed by four VAISALA LS8000 stations covering the 
region of Catalonia (NE Iberian Peninsula) including the AoS. CG return strokes are detected by a low 
frequency (LF) sensor and located using a combination of TOA and Magnetic Direction Finding (MDF) 
technique (Cummins and Murphy, 2009). Throughout the years of operation, the SMC-LLS performance has 
been experimentally evaluated by means of electromagnetic field measurements and video recordings of 
natural lightning in successive campaigns (Montanyà et al., 2006; 2012; Pineda and Montanyà, 2009). The 
analysis of the 2013-campaign (Montanyà, 2014) establishes a CG flash detection efficiency for the SMC-
LLS around 80–85%. 
Additionally, CG data from the European LINET network was available for the analysed events. LINET 
employs TOA to detect CG lightning strokes in the very low frequency range Betz et al. (2009a). LINET 
offers a location accuracy reaching an average value of around ∼150 m, as verified by CG strokes to towers 
of known position (Betz et al. 2009a). More details about the LINET system can be found in Betz et al. 
(2009b). 
2.3. Weather Radar 
In this work, we also took advantage of weather radar products. The SMC operates a weather radar network 
in the Catalonia region, with “La Miranda” radar (N 41° 05′ 30.24″ E 0° 51′ 48.58″; 950 m above MSL) 
located at 40–50 km of the AoS (Fig. 1). The SMC radars operate in C-band (5.600 to 5.650 MHz) and are 
Doppler type. Polar volumes (radar reflectivity and radial velocity) are acquired every 6 min. Further 
technical details of the SMC weather radars and network characteristics can be found in Bech et al. (2004) 
and Argemí et al. (2014). 
Since the introduction of weather radar, many studies have dealt with the necessary conditions for the 
initiation of lightning (e.g. Workman and Reynolds, 1949; Reynolds and Brook, 1956; Larsen and 
Stansbury, 1974; Dye et al. 1989; Buechler and Goodman, 1990; Hondl and Eilts, 1994). All in all, the onset 
of significant electrification is associated with a rapid vertical development of convection, which allows the 
presence of precipitation in the mixed phase region (i.e., the presence of small ice crystals and super-cooled 
cloud water) above the height of the –10°C isotherm. Therefore, the appearance of a 30–40 dBZ or greater 
radar echo at heights above the –10°C isotherm indicates the presence of a large enough quantity of 















To account for the thunderstorm vertical development, we worked with the radar echo top product, with 12 
and 35 dBZ thresholds (that is, the maximum height reached by the 12/35 dBZ reflectivity echoes). Besides, 
constant-altitude plan position indicator (CAPPI) at 1000 m AGL images, were used to analyse the storm 
morphology. 
 
2.4. Sounding vertical profiles 
Reviews of charge structure (e.g. Khrehbiel, 1986; Williams, 1989) illustrate a relationship between the 
height of electrical charge centres and the temperature profile. In this regard, the heights of the 
representative environmental temperature values selected were obtained from the Barcelona radiosonde data 
(Abellán et al., 2011). The Barcelona station (N 41º 23’ 4.08” E 2º 7’ 3.36”) takes part on the Global 
Telecommunications Service (GTS) observations from 2008, with the code 08190. 
Relying on the graupel–ice mechanism conceptual model to explain cloud electrification (e.g. Takahashi, 
1978; MacGorman and Rust, 1998), the environmental temperatures selected in this study were –10°C and –
40°C, aiming to delimit the mixed-phase cloud region, where the main negative charge region resides 
(MacGorman and Rust, 1998). In fact, many studies have reported a strong correlation between lightning 
initiation and radar echoes at –10°C to –20°C levels (e.g. Krehbiel et al. 1984; Buechler and Goodman, 
1990; Gremillion and Orville, 1999; Vincent et al., 2003; Yeung et al., 2007). Krehbiel et al. (1984) has 
noted that this main negative charge region remains at fairly constant altitudes as the storm evolves. 
Moreover, Tomine et al. (1986) and Michimoto (1991) have stated that these environmental temperatures 
also apply to winter storms, despite taking place at rather low altitudes.  
On the other hand, two instability indices derived from the Barcelona sounding were used to briefly 
characterise the environment of the analysed thunderstorms: the CAPE (Convective Available Potential 
Energy, Wallace and Hobbs, 1973), a common metric for the energy available in the environment for 
thunderstorm growth; and the Lifting Condensation Level (LCL), used to estimate boundary layer cloud 
heights (e.g., Stackpole, 1967). 
2.5. Case study selection 
Episodes with lightning flashes involving WT in the AoS were primarily identified by means of LINET CG 
data. Since clusters of CG are often observed around tall structures (e.g. Betz et al., 2004; Diendorfer et al 
2014, Nag et al 2015), the area with wind farms within the LMA coverage was systematically monitored, 
looking for clusters of strokes in a buffer of 150 m around WT. Data from this first selection was manually 
inspected using LMA data, searching for leaders ending or starting on WT. This exercise resulted in 5 case 
studies. Besides, two summer thunderstorm episodes are included in the analysis, in order to have a 
reference on the typical warm-season vertical charge structure for comparison. 
2.6. Analysis technique 
The analysis of the evolution of the vertical structure of the storm relied mainly on the evolution of the LMA 
source density, two radar echo top products (12 and 35 dBZ) and temperature vertical profiles (–10°C and –
40°C). Besides, the vertical charge structure was inferred from the LMA observations for the periods when 
lightning to/from WT occurred. In particular, we used the method developed by van der Velde and 
Montanyà (2013), which uses a time-distance-altitude projection to identify the polarity of each IC leader 
process from the inferred velocity of lightning channels. The LMA predominantly locates sources coming 














of 1–2·105 ms-1. Weaker sources from positive leader traces inside the negative charge region are often 
detected as well, caused generally by recoil leaders (e.g., Mazur, 2002; van der Velde and Montanyà, 2013). 
Compared to negative leaders, the propagation speed of positive channels is almost an order of magnitude 
lower, with velocities around 2–3·104 ms-1 (e.g. Mazur et al., 1998; Shao and Krehbiel, 1996). The majority 
of these sources typically cluster over a shallow range of altitude, creating regions of net positive and 
negative charge. LMA observations have also shown that the lightning discharge tend to initiate in-between 
these opposite charge layers (van der Velde and Montanyà, 2013). 
Finally, to account for the horizontal dimensions of the storm system, storm morphology analysis was 
carried out using the classifications by Parker and Johnson (2000) and Duda and Gallus (2010). All systems 
were classified using visual inspection of radar CAPPI sequences. 
 
3 RESULTS 
The case studies with lightning strokes to WT are summarized in Table 1, which includes both downward 
and upward lightning events. The selection of case studies includes also includes two summer thunderstorm 
episodes, to be used as a reference for typical warm season thunderstorms in the analysis and discussion of 
the charge structure. 
3.1. Lightning activity in the region of interest 
The first thing to stress about Table 1 is that the episodes involving lightning strokes to WT correspond 
usually to months with low lightning activity in the AoS, such as April and November. Therefore, before the 
case overview, lightning patterns throughout the year in the AoS were analysed, using data from the SMC-
LLS (12–year period, 2005–2016). The average CG flash density in the AoS is of 2.8 CG flashes km2 year-1, 
0.8 above the average density of the whole Catalonia. On the one hand, nearly 87% of the annual CG flashes 
occur between June and October, with a peak at the end of summer (24% in August and 33% in September). 
Conversely, months from November to April account for only 9% of the observed lightning activity. Indeed, 
the seasonal cycle in the AoS is driven by two main factors: the solar heating which peaks in summer and 
favours the onset of convective storms, and the proximity to the Mediterranean Sea conditioning the autumn 
and winter activity. From the late summer on, lightning activity moves gradually to the coast and offshore, 
where the activity is dominant in autumn. This change is related to the average land/sea temperature 
difference, the average sea surface temperature being warmer during autumn compared to land (Kotroni and 
Lagouvardos, 2016; Galanaki et al., 2018).  
3.2. Typical summer thunderstorms. Case overview 
1st JULY 2014 
On that day, convective indices presented moderate conditions of instability (see Table 1). Convection 
started to develop in the mountainous region west of the Ebre’s Delta, traveling to the Northeast afterwards. 
The initial cells began to cluster in a line, oriented in the direction of the predominant SW-NE flow. Over 
time, the flow rotated to a West-East pattern. New growing cells kept clustering but in a less organized 
manner. The cluster of cells crossed the AoS between 17:00 and 18:00 UTC and promptly decayed soon 
after. Fig. 2 shows the evolution of the vertical structure of the storm occurring in the AoS. Thunderstorms 
in this episode began to grow rapidly around 11:00 UTC, and continued intensifying until 15:00 UTC, as 














hours suggests a sequential development of pulse-type convection. High IC activity was reported by the 
LMA as the TOP–35 remained around the –40°C. The abrupt decay of the TOP–35 by 18:30 UTC led to the 
termination of the lightning activity. It is worth noticing the increase in the CG lightning flash rate (hereafter 
LFR) on the latest hours, as the VHF burst density showed activity in the lower positive layer (16:30 – 18:00 
UTC approx.).  
2nd AUGUST 2014 
Convection initiated around 11:00 UTC with diverse cells that progressively clustered SW of the Delta, to 
finally form a non-linear convective system with a large area of reflectivity above 45 dBZ (CAPPI 1km 
13:00 UTC) in what looks like the period of maximum development. After that, while moving to the Ebre’s 
Delta from West to East, the complex split into different cells, to finally dissipate around 14:00 UTC. In the 
meantime, new cells appeared in the radar coverage coming from SW, this time showing a leading stratiform 
pattern. Subsequent cells continued in the same SW-NE flow over the Delta. The 35–dBZ echo tops (Fig. 3), 
growing rapidly to reach first the –10°C (4.5 km AMSL approx.) and shortly after the –40°C (9 km AMSL 
approx.), spanning the mixed-phase region, suggested the presence of graupel and an environment 
conductive to active charge separation. The LMA density bursted shortly after, showing a high activity 
between 12:00 and 14:00 UTC, related to negative channels at heights between 9–11 km ASML. Negative 
channels in the lower layer also became apparent from 12:00 to 13:00 UTC, coinciding with the period of 
maximum LFR (15 CG min-1). Between 13:00 and 14:00 UTC the TOP–35 almost lost half of its height, and 
so did the VHF source density and the CG activity. In the following hours the TOP–35 stayed around the -
10°C with a moderate lightning activity until a rapid decline around 20:00 UTC. 
3.3. Case studies involving lightning to wind-turbines 
The cases listed in Table 1, involving lightning strokes to WT, showed modestly unstable environments with 
400 J kg-1 of CAPE at most, –10°C levels below 4500m AMSL, nearly saturated vertical profiles and the 
tropopause at around 10–11 km AMSL or lower. Accordingly, the resulting storm systems were not 
particularly vigorous. Weather radar sequences showed that thunderstorms favouring lightning strokes to 
WT did not have any particular precipitation configuration. Besides, they all showed a weak LFR, with 
lightning to WT occurring around the maximum LFR period.  
20th NOVEMBER 2011 
For this episode, radar imagery showed a stationary thunderstorm system with a parallel-stratiform 
precipitation configuration, moving SE-NW, with weak convective cells at its southernmost end. The VHF 
source density (Fig. 4) shows two periods of maximum activity, the first around 04:30 UTC and the second 
at 07:30 UTC, with a strong lower positive layer at 3–4 km ASML and a weaker upper positive layer 
between 7 and 9 km ASML. These two periods of maximum activity are delimited by TOP–35 above the –
10°C height, and the moments of maximum LFR (7–8 CG min-1) are collocated with the maximum TOP–35 
heights. Downward lightning to WT (04:29, 04:37, 04:39, 04:45 UTC) were observed during the first period 
of maximum activity. At that time, 1-km CAPPI imagery showed a rainfall field extension (>12 dBZ) at that 
time of about 100 x 40 km. Another series of downwards to WT was observed between 06:55 and 07:15 
UTC (06:55, 06:57, 06:58, 07:11, 07:15 UTC), coinciding with high VHF source densities in the low charge 
layer. 
As an example, the LMA plot of the 04:37 UTC flash is shown in Fig. 5. The flash started immediately 
above a wind turbine with a fast negative downward leader originated at around 3 km altitude, producing 














and occurred 23 ms after. The flash had a low altitude positive leader development with negative leader 
activity above. No leader activity was observed above 6 km during this lightning event. The plain view 
panel shows radial channels spreading simultaneously in various directions, all starting from the lightning 
initiation region. Regarding to the precipitation structure, Fig. 6 shows the 04:39 UTC flash in combination 
with the radar reflectivity. Similar to the 04:37 UTC flash (Fig.5), this flash also started on the perimeter of a 
convective core, with a downward channel right after the breakdown, and cloud channels spreading radially 
to the stratiform precipitation region after the CG return stroke. The second series of lightning to WT had a 
similar pattern, with the CG flashes to WT starting in the vicinity of convective cores, showing first CG 
strokes followed afterwards by cloud channels spreading away. 
3rd APRIL 2012 
At the time of the first downward flashes to WT (18:38, 18:44 UTC), the north-eastward moving 
thunderstorms looked like a trailing-stratiform system with embedded weak convective cores above the 
AoS. Two periods of IC activity were observed above the AoS, the first one starting around 13:00 UTC 
when the TOP–35 reached the –40°C height (the evolution is not shown). After a short period of inactivity, 
activity restarted between 18:00 and 19:30 UTC approx. The sequence of the LMA source density indicates 
a progressive decrease in the height of the low charge layer. The downward stroke to a WT occurred during 
this later period.  
Fig. 7 shows the LMA detection of the downward stroke that impacted a WT during this episode. Note that 
the leader activity stayed below 6 km a with remarkable positive leader development. A negative leader to 
ground started at the beginning of the flash and ended with a –18 kA stroke to a turbine located on one of the 
wind farms in the AoS (≈640 m AMSL). According to the radar imagery analysis (not shown), in this case 
the leader initiated in the rear edge of a convective cell and hit a turbine which was under the same cell at 
that moment. Compared to precedent case, maximum reflectivity was slightly higher, but the vertical 
development was similar, with the Top–35 reaching 6.0 to 7.0 km.  
17th NOVEMBER 2012 
Around 11:00 UTC, a broken line of cells crossed the AoS South to North, progressively transforming into a 
parallel stratiform precipitation structure. From 13:00 UTC some of the cores intensified to reach 50 dBZ. 
Around 17:30 UTC the storm intensity decreased still, the system remained active and intensified again by 
22:00 UTC. However, by that time the main cells were leaving the area of coverage of the LMA and were 
not well represented in Fig.8. VHF source density detected by the LMA shows a bimodal distribution with 
maximums at 3–4 km and 6–7 km height (similar to the precedent cases). A downward lightning flash to a 
WT was identified at 17:34 UTC (see Fig. 9). This case corresponds to a complex flash originated about 50 
km away from the WT. Before striking the turbine, an intense +CG stroke (+52 kA) triggered a sprite (see 
van der Velde et al. 2014). After the long negative leader had passed near the WT, positive breakdown 
occurred and suddenly a negative leader was directed towards a WT, producing 9 strokes. The leader 
sequence suggests that the first leader development related to the intense +CG flash initiated a new leader 
breakdown in the wind turbine area. Radar reflectivity in Fig 9 helps locating the negative leader which 
starts at the border of a convective cell with maximum reflectivity around 45 dBZ. The cloud channel 

















16th NOVEMBER 2013 
On that day, radar imagery showed a leading stratiform precipitation structure, with a large area of moderate 
reflectivity reaching the AoS around 05:30 UTC. Lightning activity in the AoS was mainly related to 
embedded convection cores that formed offshore. Ground temperature was about 8°C with a cold air mass 
from the North and a flow from the Mediterranean due to a low. In this case, the storm was close to the 
threshold for being considered a winter thunderstorm according to Montanyà et al (2016a) criteria. The 
evolution of the vertical structure of the storms occurring in the AoS for this episode (not shown) limits the 
presence of lightning to a narrow timespan of one hour between 08:15 and 09:15 UTC approximately. This 
is the only period where the TOP–35 was above the –10°C level (3,100 m AMSL). It is during this period 
that the upward flashes were detected by the LMA (08:13, 08:37, 08:41 UTC). Fig. 10 reveals pulses related 
to an upward positive leader, starting close to the ground. After 400 ms approx., a very well resolved 
negative leader rapidly accelerated upwards into a layer of positive charge. The right panel of Fig. 10 shows 
leader speeds (van der Velde and Montanyà 2013). In this case, the likely source of the UL was a WT. The 
flash grew to a size of 65 by 40 km. There seem to be two other upward leaders in the figure (435.6 s and 
435.85 s), but not as well resolved by the LMA as the first one. 
18TH JANUARY 2014 
In the AoS, thunderstorms occurring in winter months like the present case study are usually associated with 
fronts moving northward along the Spanish east coast, or with Mediterranean humid, unstable air lifted over 
the elevated terrain near the coast. According to the radar sequence of that day (not shown), around 05:00 
UTC some weak cells started crossing the AoS, South to North. From 06:30 UTC, some organisation 
became apparent, which can be described as a weak leading stratiform precipitation system. It produced 
lightning between 08:00 and 10:00 UTC aprox. During that period, the evolution of the vertical structure of 
the storm (not shown) depicted negative channels at two different layers, the upper corresponding to positive 
charge level between 7 to 9 km, with the low positive layer around 4–5 km. Four downward CG strokes to 
WT were observed between 08:40 and 09:37 UTC. As an example, Figure 11 presents the flash to a WT that 
occurred at 08:40:18 UTC. Like in the 20th November 2011 episode (Fig.6), the flash initiated in the vicinity 
of a convective core. The LMA depicts a flash starting at 3 km height with a stepped leader that produced 
three CG strokes to WT (–36, –13, –9 kA). However, this time, the following cloud channels stayed around 
the core and did not spread to the stratiform region. 
 
Besides, a lightning triggered upward flash was reported at 09:00 by the ELMA (see Fig 12) Although the 
leader trail was not as well-defined as in the upward flashes detected on the 16th November 2013, it seemed 
to initiate from a WT. The flash started with a negative CG, followed by cloud positive leader at 4–5 km 
height. Half a second after the beginning of the event, negative strokes reported by LINET were followed by 
negative leaders, spreading at 8–9 km height, before the negative leader from a WT accelerated upwards to 
reach the negative layer at 6–7 km height. No other strokes where recorded by LINET after the upward 
leader. 
 
3.4. Inferred charge structure 
As seen throughout this study, the LMA system depicts the height of the localised VHF sources, 
predominantly coming from negative leaders moving through positively charged regions. Therefore, the 
relative density of sources can be used to infer the charge structure inside the thunderstorm cells. Indeed, the 
majority of these sources typically cluster over a shallow range of altitude, as shown in the previous 














charge structure. Instead, our focus lies on the period with lightning activity concerning WT. Hence, vertical 
profiles of the charge layer structure have been inferred for the periods in which lightning to/from WT 
occurred (Fig. 13). While the relative density of LMA sources helps locating the charge layer altitudes, the 
dominant polarity on each layer was confirmed through the inferred velocity of lightning channels, using the 
aforementioned method by van der Velde and Montanyà (2013). 
 
As expected, typical summer storms display the basic tripole structure (Williams, 1989, 2001). After a rapid 
vertical growth (Fig 2, 3) a dipole developed, the upper positive charge layer reaching 10–11 km height (–
40ºC). The negative charge region below, related to the mixed phase region (e.g. Williams et al 1991), is 
located between the 5 and 8 km height (–10ºC to –25°C). Figs. 2 and 3 also show, at certain stages, the 
development of a lower positive charge layer, constituting the classical tripole structure. 
 
Interestingly, apart from the 16th November episode, all the other cases analysed showed the same basic 
tripole structure, the difference being the vertical development they reached. Whereas the upper positive 
layer reached the 10 km AMSL in the warm season episodes, the cases with downward lightning to WT, 
only reached 8–9 km height. On the other hand, it is worth noticing that the lower charge positive region is 
closer to the surface in all the lightning to WT related episodes. Besides, higher LMA source densities were 
found on the upper positive layer in the summer reference cases, while LMA source activity dominates in 
the lowest positive charge layer in the WT related cases. 
 
4. DISCUSSION 
4.1. Charge Structure 
Results showed charge structures that can be compatible with the tripole produced by the non-inductive 
charge mechanism (NIC, e.g. Takahashi, 1978; Williams, 1989; Saunders et al., 2006). The LMA inferred 
charge layers shown in Fig 13 suggest three different types of structure. Firstly, the LMA source density in 
the warm-season convection episodes (Figs. 2 and 3) shows the maximum activity concentrated in the upper 
positive charge layer. Deep-convection results in elevated charge structures, with large total LFR but low 
ground LFR. The CG LFR increases only when a low charge layer is apparent (see Figs. 2 and 3).  
Secondly, spring and autumn episodes (e.g. 3rd April, 17th Nov., 20th Nov, Figs. 4 and 8), also having a 
tripole structure, share another common feature: the lower positive charge layer is the dominant (contrary to 
warm-season convection where the upper level dominates). This particularity will result in an enhancement 
of the electric field at the bottom of the negative charge region, providing the means to discharges to 
propagate to ground as CG flashes (e.g., Jacobson and Krider 1976, Williams 2001, Marshall and 
Stolzenburg 2002, Pawar and Kamra 2004). Early works by Clarence and Malan (1957) already suggested 
that lower positive charge centre (LPCC) is essential for the initiation of CG lightning. On the other hand, an 
excessive LPCC may prevent the occurrence of CG flashes by ‘‘blocking’’ the progression of descending 
negative leaders from reaching ground (Qie et al 2005, Nag and Rakov, 2009). In this regard, it is worth 
noting certain differences between the analysed episodes. Lighting to WT on the 20th November, 18th 
January and 3rd April episodes correspond mainly to CG flashes starting with negative leaders vertically 
descending to ground. According to the CG classification based on the magnitude of the LPCC by Nag and 
Rakov (2009), this behaviour suggests a relatively thin LPCC, where the descending negative leader would 
traverse the positive charge region keeping a predominantly vertical propagation direction towards the 














the periphery of convective cores. Studies like Carey et al. (2003), Lund et al. (2007) and Akita et al. (2011) 
pointed out these areas along the perimeter of updrafts as prone to originate CG lightning. Contrarily, 
lightning strokes to WT on the 17th November show significant horizontal propagation before reaching 
ground, suggesting a larger LPCC compared to the precedent cases. According to the Nag and Rakov (2009) 
classification, in this scenario, a negatively-charged leader channel originated in the base of the main 
negative charge region would travel predominantly horizontally because of the blocking LPCC effect, 
eventually making a termination to ground. 
Thirdly, the 16th November 2013 episode presented a particular structure, with two layers of opposite 
polarity and no apparent lower positive layer. The structure on that day had common features with what has 
been observed, also with an LMA, by Wang et al. (2017) in winter thunderstorms in Japan: (i) an horizontal 
extension much larger than the vertical extension (a large-scale stratiform cloud with relatively weak echo 
intensity and low cloud top height (ii) the charge regions enclosed between the –10ºC and –20ºC isotherms, 
in agreement with the NIC, and (iii) a low altitude of the whole cloud, with positive charge over negative 
charge. This particular charge distribution has also been reported by Schultz et al. (2011) for upwards from 
high towers during electrified snowfall events. All in all, this particular scenario featured favourable 
conditions for the self-initiation of UL. Finally, it is worth mentioning that the LMA system can infer the 
charge structure only when lightning occurs. In this particular case, the lightning rate was very small, so the 
charge structure inferred from LMA sources cannot be seen as the complete picture of the thunderstorm 
charge structure.  
 4.2. Transition season thunderstorms 
Results presented bring new evidence on the low correlation existing between lightning incidence on WT 
and the month average lightning density for the region surrounding the wind farm. Results point out that 
lightning activity in the AoS concentrates between June and October (85% of the year-round CGs) and 
especially during August and September (57% of CGs). However, all the analysed episodes with lightning 
from/to WT occurred between November and April, months that account only for nine percent of the year-
round lightning activity. 
Other studies on lightning incidence to tall structures have shown a similar pattern. For instance, studies at 
the Gaisberg Tower (Montanyà et al., 2007; Diendorfer, 2009) have shown that although the thunderstorm 
season in Austria is between April and August, actually the months with the highest numbers of recorded 
flashes at the Gaisberg tower are March and November, respectively, which are definitely months outside 
the convective season and generally with very little thunderstorm activity in Austria (Diendorfer, 2017). 
Other studies in towers around Europe also registered a majority of self-initiated flashes during the winter 
period, such as the Peissenberg Tower (Manhardt et al., 2012). On the contrary, the majority of upward 
flashes at the Säntis Tower occur during summer (Romero et al., 2013; Smorgonskiy et al., 2015) like in 
Rapid City (Warner et al., 2012a, b). According to Smorgonskiy et al. (2015) seasonal variations could be 
attributed to the differences in the tower effective height, although they pointed out that further research is 
needed to validate this hypothesis. 
 
Going back to the present results, with the exception of the January case, the rest occurred during the 
transition from summer to winter and vice versa. During these transition periods, at most mid-latitude 
locations, like the AoS, the lower boundary of the mixed phase region (i.e., the –10 °C isotherm) suffers a 
sudden change of height. Fig.14 shows the average evolution of the height of the –10 °C isotherm 
throughout the year near the AoS (calculated from the Barcelona radiosounding database). The average over 














thunderstorm season (June-September) and around 4 km height in winter (December to March). 
Interestingly, most of the episodes with lightning to WT have been observed during the transitional season, 
when the isotherm –10°C is approximately 1.5 km below the typical thunderstorm season and therefore 
closer to ground.  
 
4.3. Morphology and Size of the storm  
Results showed that the storms involved in lightning strokes to WT had no particular precipitation structure, 
developed in a weak convective environment and had modest amounts of lightning. Recently, Wang et al. 
(2017) pointed out the preference of CG lightning for regions with weak updraft and downdraft. In the 
present case study, the majority of downward lightning striking WTs are linked to weak convective cores 
embedded into stratiform dominant systems. 
 
Interestingly, some of the analysed case studies also produced sprites, episodes which are analysed in detail 
in Van de Velde et al. (2014). There are other studies that reported sprite-parent +CGs involved also in UL 
(Warner et al., 2011; Lyons et al., 2011 and 2014). High peak current +CGs are followed by long continuing 
currents, thus resulting in large charge moment changes (CMC) capable of producing transient luminous 
events (TLE) (e.g. sprites, elves, halos) as documented in different studies (Takahashi et al., 2003; Suzuki et 
al., 2006; Matsudo et al., 2007; Van de Velde et al., 2014). It is worth stressing out that in our cases most 
storm systems were relatively small (see dimensions in Table 1) compared to other TLE-related systems like 
those documented in the central United States (e.g., Lyons, 1996; Lyons et al., 2003; Lang et al., 2010, 
2011; Lu et al., 2013). Thunderstorms like 20th November, 3rd April and 17th November  exhibited slow 
storm motion and weak organization in the absence of a strong cold pool, having only weak updrafts in the 
humid, low energy environment (van der Velde et al 2014). In any case, the stratiform region of these 
thunderstorms may grow large enough to allow the necessary charge moment change to trigger a sprite.  
Regarding the SIUL episode, the 16th November 2013, the storm system area is significantly larger than the 
rest of episodes. 
 
4.4. Peak current and polarity 
CG peak current and polarity reported on Table 1 corresponding to the CGs to WT show that almost all 
downward strokes had negative polarity (only one positive case), with rather high peak currents. According 
to the SMC-LLS records, the average (and median) for Catalonia over the last 7 years (2010–2016) for 
negative CG strokes is of –18.2 kA (–12.9 kA). In the present study, fifteen of the twenty-two negative 
downwards to WT had peak currents above the average, and furthermore, in 8 cases the peak current is 
extremely high (above the 95 percentile, –48 kA). These figures suggest that the peak current plays a role on 
the attachment process to WT. The distance between the tips of the negative downward leaders and the 
grounded structure (striking distance, Golde 1945), can be estimated using expressions that relate this 
distance and the peak current (Love 1973, Cooray et al. 2007) The striking distance increases with 
increasing peak current (Love 1973, Wang et al. 2013, Tran and Rakov 2015, Visacro et al. 2016), thus 
favouring the attachment to salient objects like WT. 
 
4.5. Self-initiated and Lightning-triggered upwards 
As stated in the introduction, upward lightning (UL) may originate from WT due to locally strong electric 
fields (self-initiated upward lightning, SIUL) or may be triggered by prior lightning discharges (lightning-














the 16th November 2013. Complementary data from LMA and LINET allows to confirm the absence of a 
pre-existing lightning (IC or CG) in the vicinity that may have triggered those upwards. Vertical trails of the 
SIUL flashes detected on that day (Fig. 10) are similar to LMA observations reported by Schultz et al (2011) 
during a thundersnow. In both cases, upward flashes start with a series of very low altitude pulses, followed 
by a upward negative leader that reaches the upper positive layer. This sequence may be repeated in time, 
starting from other turbines of the wind farm. The 16th November 2013 episode has very low cloud bases, 
low freezing levels and a considerable stratiform region (more than 30,000 km2, 2 to 7 times more than the 
“downward” cases). Under these conditions, the electric field above the WT may become large enough to 
initiate breakdown, and an upward leader may initiate even without additional transient enhancement from a 
nearby CG or IC lightning discharge. According to Yuan et al. (2017), the relatively low lightning frequency 
may have facilitated the efficient charge accumulation in the stratiform cloud, favouring the upward leader 
inception. 
On the other hand, Warner et al. 2014 pointed out that strong ambient winds may not be essential for the 
triggering as SIULs could originate from rotating turbine blade tips at almost any ambient wind velocity. 
Wang and Takagi (2012) also noted that self-initiation occurred with higher observed wind speeds (or a 
rotating windmill) compared with other-triggered upward flashes. The underlying reason would be the wind 
removal of the screening layer present near the tip of the tower that acts as an inhibitor of the upward leader 
initiation. Unfortunately, for our case studies we do not have wind records from the windfarms to analyse 
the possible influence of the wind speed.  
In Wang and Takagi (2012), LTUL flashes occurred during taller and more active storms, whereas the 
majority of SIUL took place when there was not significant lightning activity.  In our cases studies, Fig.13 
shows a thinner and lower charge structure for the SIUL triggering episode, as well as intermediate 
conditions for the downward/LTUL episodes, compared to the higher typical summer charge structure. On 
the other hand, LFR in the AoS were similar in both SIUL and LTUL episodes, the difference being the 
distance between the embedded convective cores and the wind farms. Downward strokes and LTUL from 
WT emanate from the vicinity of convective cores, whereas on the 16 November SIUL occurred far from the 
embedded cores of the precipitation system (50 km approx.).  
4.6. Risk assessment 
Since the availability of simultaneous observations of weather radar and LLS became available for the 
analysis of life-cycle of the thunderstorms, different studies have attempted to establish links between radar 
reflectivity, environmental temperature profiles and lightning. Lang and Rutledge (2011), summarizing on 
earlier studies, state that the general scope is that the existence of a 40 dBZ echo at or above the altitude of –
10°C corresponds to a very high probability of lightning. The present analysis has shown that, as a general 
rule, LMA detections are limited to periods when the TOP–12 lies above the –10°C height. Moreover, VHF 
source’s density showed a close relation with the height of the TOP–35. Surges in the number of sources 
detected by the LMA are usually observed shortly after the TOP–35 overtakes the –10°C height, and larger 
densities are collocated in time with greater heights of the TOP–35, which can reach the –40°C in the 
summer cases. In a similar way, lightning activity decreases as the TOP–35 losses height and ceases as the 
TOP–12 decays below the –10°C height. These conditions have been observed in all case studies, and 
therefore results suggest that they apply throughout the year. This pattern can be of utility in lightning 
hazard warning systems devoted to wind farms, considering that damage to WT is not solely linked to deep 
convection or severe weather conditions but also to low-intensity thunderstorms outside the main 














On the other hand, whereas empirical formulas have been developed to estimate the number of downward 
flashes to a tall object, the majority of the strokes to modern turbines are expected to be UL. In this regard, it 
is worth recalling that upward leaders not followed by return strokes can go unnoticed by conventional LLS, 
and therefore the number of UL is being underestimated (e.g. March 2017). As Rachidi et al. (2008) pointed 
out, neglecting upward flashes, as done in practice nowadays, might result in an important underestimation 
of the actual number of strokes to WT. The present results provide evidence supporting this statement, as 
lightning that may pose a threat to wind turbines is linked to “out of season” low-intensity thunderstorms, 
which are not a significant contribution to the lightning climatology of the region, in terms of the amount of 
lightning and therefore the region’s average flash density, which is the main lightning parameter used in risk 
assessment. 
 
5. CONCLUDING REMARKS  
The meteorological conditions and thunderstorm characteristics favouring lightning to wind turbines have 
been analysed in a series of episodes, by means of Lightning Mapping Array and weather radar data. The 
main takeaways of this study are summarized hereunder. 
 As a general rule, lightning activity can be expected in cells where the radar TOP–12 product (height 
of the echo-tops >12 dBZ) is above the –10°C height. Besides, the TOP–35 reaching the –40°C is 
indicative of deep convection and large lightning intensities will follow. This rule of thumb applies 
throughout the year and may be useful to identify thundery conditions that can pose a threat to wind 
turbines outside the main thunderstorm season  
 Lightning threats to wind turbines in the area of study do not occur during the main thunderstorm 
season, but during transitional periods (spring and autumn). Lightning activity in the area of study 
concentrates between June and October (85% of the year-round CGs) and especially during August 
and September (57% of CGs). However, all the analysed episodes with lightning from/to wind 
turbines occurred between November and April, months that account only for nine percent of the 
year-round lightning activity. 
 Thunderstorms with downward lightning to wind turbines present a regular charge layer structure 
(tripole), but with particular features. The dominant charge layer is the lower positive one, which is, 
in turn, closer to the ground due to the environmental temperature. Besides, the reported downward 
CGs striking WT were mainly of negative polarity and with peak currents above the average. 
 Conditions for self-initiated upward lightning from wind turbines were different, with a considerable 
stratiform region with a low cloud base, bearing a two layer charge structure with positive over 
negative charge. Such characteristics are similar to those reported for upward lightning in winter 
thunderstorms in Japan and the US 
 Although the thunderstorms involved in lightning incidence on wind turbines had no particular 
precipitation structure, downwards to wind turbines are related to convective cores embedded in a 
dominant stratiform region. This stratiform field may grow large enough to allow the necessary 














 The particular conditions that lead to lightning strokes to wind turbines shall be taken into account in 
the lightning protection standards, which currently seem to be underestimating the actual number of 
strokes to wind turbines. 
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Table 1. Summary of case studies. Information on each episode includes: Instability indices (Convective Available 
Potential Energy, CAPE; Lifting Condensation Level, LCL) and isotherm heights (–10ºC, –40ºC and tropopause) 
derived from radio-sounding. Storm system morphology and area (continuous area above 12 dBZ) are derived from 
radar imagery. Lightning flash rates (CG) are derived from the SMC-LLS. Finally, the time and type of lightning 
strokes to wind turbines mapped with the LMA are listed (with maximum peak current per CG flash) 
 
Episode 02/08/2014 01/07/2014 20/11/2011 03/04/2012 17/11/2012 16/11/2013 18/01/2014
Radiosounding time (UTC) 12:00 12:00 0:00 12:00 0:00 0:00 0:00
Instablity indices                        CAPE (J kg-1) 2,350 1,350 -- 390 113 -- --
LCL ( m AMSL) 890 890 -- 100 340 430 750
Tropopause Height (m AMSL) 11,000 12,000 -- 11,000 11,650 8,500 10,250
Isotherm Heights (m AMSL)                 -10°C 4,550 5,400 3,000 3,900 4,500 3,100 3,800
-40°C 8,700 9,600 7,100 7,900 8,700 7,100 7,600
Radar Morphology   cluster cluster parallel broken line/ parallel non-linear leading
of cells of cells stratiform trailing str. startiform conv.syst. stratiform
Storm system area (km2) (>12 dBZ) 2,415 1,905 4,450 5,365 11,485 31,050 10,275
Lightning flash rate (LFR) (CG min-1) 4-5 2-3 2-3 1-2 1-2 1-2 3-4
Maximum LFR 15 8 8 8 4.5 3 11.5
LFR during strikes to WT - - 7 2 3 1.5 4
Lightning to Wind-Turbines - - DW 04:29 (-12) DW 18:38 (-18) DW 16:06 (-23) SIUL 08:13 (-13) DW 08:40 (-36)
DW 04:37 (-98) DW 18:44 (-28) DW 16:08 (-77) SIUL 08:37 (+113) LTUL 09:00 (-24)
time in UTC DW 04:39 (-135) DW 19:33 (-103) DW 16:24 (-35) SIUL 08:41 (-39) DW 09:05 (-19)
Downward (DW) DW 04:45 (-53) DW 19:40 (-12) DW 17:10 (-15) DW 09:37 (-106)
Lightning-triggered upward (LTUL) DW 06:55 (-31) DW 17:34 (-138) DW 09.39 (-127)
Self-initiated upward (SIUL) DW 06:57 (-14) DW 17:59 (+12)
Maximum Peak current (kA) per CG flash DW 07:11 (-9)
DW 07:15 (-24)




















Fig 1. Area of study (AoS), nearby the Ebre’s river Delta, south Catalonia, in the Mediterranean coast at the NE of the 
Iberian Pensinsula . Black diamonds correspond to locations of the Ebre Lightning Mapping Array sensors. The 
black square corresponds to La Miranda weather radar site. The highlighted area ecompasses the wind turbines 
















Fig 2. Evolution of the vertical structure of the storms occurring in the area of study on the 1
st
 July 2014. Time–height 
LMA source density plot. Colour indicates relative density of sources according to a pink-yellow-green colour 
scheme. The largest source densities are in green. Red lines correspond to the height of the TOP–12 (dashed) 
and TOP–35 (solid) products. Bar lines indicate the CG flash rate in a 10–min  timestamp. Finally, blue lines 
correspond to the representative environmental temperature values obtained from the vertical sounding profiles 

















Fig. 3. Analogous to Fig. 2, but showing the evolution of the vertical structure of the storms occurring in the area of 
study on the 2
nd

















Fig. 4 Analogous to Fig. 2, but showing the evolution on the 20
th
 November 2011. Downward flashes striking WT 
















Fig. 5 Multi-panel display of a lightning flash detected by the LMA on the 20
th
 November 2011 at 04:37:26 UTC. 
VHF sources are coloured as a function of time. The top panel is altitude AMSL (km) versus time (seconds). 
The left panel is a plan view map (0.1° latitude equals 11.1 km) with contours of the Ebre river (blue) and WT 
(black triangles) as background. The panels at the right show altitude (km) as a function of latitude and 
















Fig. 6. Radar and LMA lightning data overlay showing the lighting flash to a wind turbine on the 20
th
 November 2011 
at 04:39:25 UTC. The LMA sources of a single flash (dots) are combined with the 6–min radar 
reflectivity volume (04:36-04:42 UTC). LINET CG strokes are represented with red dots. The top panel shows 
a plain view of the maximum reflectivity (dBZ), while the bottom panel shows the altitude (km) of the LMA 


















Fig. 7 Analogous to Fig. 5, but for the downward lightning flash to a wind turbine detected by the LMA on the 3
rd
 

















Fig 8. Analogous to Fig. 2, but showing the evolution of the vertical structure of the storms occurring in the area of 
study on the 17
th




































Fig. 10 Multi-panel display of a downward lightning flash to a wind turbine detected by the LMA on the 16
th
 
November 2013 at 08:37:14 UTC. For top and left panels see legend in Fig. 5. Unlike the previous LMA 
figures, here the right panels show the time-distance graph. The dashed reference lines indicate slopes 












. The reference location for the distance is the 
initiation point of each flash or a cloud-to-ground stroke (at t=0). Black square marks are low-frequency sources 




































Fig. 12 Analogous to Fig. 10, but for the lightning-triggered upward lightning flash from a wind turbine detected by 
the LMA on the 18
th
















Fig. 13 Charge structure in a vertical profile during the periods for which lightning to/from WT were recorded. The 
charge structure is inferred from the Lightning Mapping Array (LMA) data analysis, the size of the symbols 
















Fig. 14 Annual evolution of the –10°C isotherm height over a 10-year period (2006–2015). Median (bold line), area 
between percent 25 and 75 (dark grey) and area between min and max (light grey) AMGL Source: Barcelona 















 Lightning to wind turbines tend to occur outside the main thunderstorm warm-season 
 Thunderstorms initiating downwards to wind turbines presented limited vertical 
developments  
 Downwards to wind turbines were mainly negative CGs with peak currents above the average 
 Conditions for self-initiated upwards resemble those of Japan /U.S winter thunderstorms 
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